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Hepatitis C virus (HCV) is a major human pathogen associated with life-threatening liver disease. Entry into
hepatocytes requires CD81 and a putative second receptor. In this study, we elucidated the postreceptor
attachment stages of HCV entry using HCV pseudoparticles (HCVpp) as a model system. By means of
dominant-negative mutants and short interfering RNAs of various cellular proteins, we showed that HCVpp
enter via clathrin-coated vesicles and require delivery to early but not to late endosomes. However, the kinetics
of HCV envelope glycoprotein-mediated fusion are delayed compared to those of other viruses that enter in
early endosomes. Entry of HCVpp can be efficiently blocked by bafilomycin A1, which neutralizes the pH in
early endosomes and impairs progression of endocytosis beyond this stage. However, low-pH exposure of
bafilomycin A1-treated target cells does not induce entry of HCVpp at the plasma membrane or in the early
stages of endocytosis. These observations indicate that, subsequent to internalization, HCVpp entry necessi-
tates additional, low-pH-dependent interactions, modifications, or trafficking, and that these events are irre-
versibly disrupted by bafilomycin A1 treatment.

An estimated 2% of the world’s population is infected with
the hepatitis C virus (HCV) and is at risk of developing life-
threatening liver disease (58). Little is known about the mech-
anism of entry into target cells of this important human patho-
gen. HCV tropism is restricted to hepatocytes by the E1 and
E2 envelope glycoproteins (E1E2) (10, 15, 22, 24, 30, 32, 47,
53). The CD81 tetraspanin was identified as an E2 binding
receptor and more recently was shown to be necessary for
HCV entry into hepatocytes and certain hepatoma cells (51).
However, this widely expressed protein is insufficient for HCV
entry, and our recent findings indicate that E2 also interacts
with a putative, hepatocyte-specific receptor (5, 8, 19, 41).
Candidate second receptors include scavenger receptor class B
type 1 (52), low-density lipoprotein receptor (1), and glycos-
aminoglycans (28). Finally, HCV entry into target cells is
low-pH dependent, indicating a requirement for receptor-me-
diated endocytosis and fusion with intracellular membranes
(26, 28, 59).

Cellular uptake pathways include clathrin-mediated endocy-
tosis, caveolae, macropinocytosis, and novel nonclathrin/non-
caveolae pathways (48). Viruses that require internalization for
entry mostly take advantage of clathrin-mediated endocytosis,
which is the major ubiquitous route of receptor internalization
into cells (12). Clathrin and associated proteins assemble on
the intracellular face of the plasma membrane to form invagi-
nations that vesiculate through the action of dynamin (17, 39,
43). As they mature into early endosomes, clathrin-coated ves-
icles (CCV) shed their protein coat and become acidified.
Early endosomes are major sorting stations for internalized

cargo, which can be recycled to the plasma membrane or
progress to late endosomes and subsequently to lysosomes (27,
40). Regulation of sorting and trafficking is determined by
inbuilt signals on internalized receptors, signaling events
within the cell, and regulatory proteins (11, 56). Viruses en-
tering through this pathway generally follow the course of their
attachment receptors until the low pH in early or late endo-
somes triggers fusion and delivery of the viral capsids to the
cytoplasmic site of replication. They are therefore sensitive to
lysosomotropic agents that inhibit endosomal acidification, in-
cluding bafilomycin A1.

Molecular inhibitors in the form of small interfering RNAs
(siRNAs) and dominant-negative cellular proteins have surpassed
the use of chemical inhibitors in specifically blocking distinct
stages of endocytosis. Moreover, these tools have been success-
fully used to study internalization and trafficking of intracellular
pathogens, including viruses (55). For example, dominant-nega-
tive mutants of Eps15 and dynamin block formation of clathrin-
coated pits and vesicle budding, respectively (7, 20). Overexpres-
sion of Eps15(�95/295) or DynK44A mutants was used to
demonstrate the critical role of clathrin-mediated endocytosis in
entry of Semliki Forest virus (SFV), vesicular stomatitis virus
(VSV), and several flaviviruses (14, 23, 29, 33, 57). Mutants of
Rab GTPases interfere with the regulation of vesicle budding,
mobility, and fusion through the endosomal pathway. In particu-
lar, the Rab5 mutant Rab5(S34N) blocks CCV transport to the
early endosome and homotypic early endosome fusion, whereas
the Rab7 mutant Rab7(T22N) blocks delivery of cargo to late
endosomes (3, 25, 34, 60). Rab5 and Rab7 dominant-negative
mutants were used to demonstrate different trafficking require-
ments for SFV, VSV, and influenza virus (54). Here, we have
successfully applied these novel and powerful techniques to study
HCV endocytosis.

Retroviral particles pseudotyped with E1E2 (HCVpp) au-
thentically recapitulate many aspects of HCV entry into hepa-
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tocytes and represent a convenient model system for the study
of HCV entry (4, 5, 19, 26, 31, 36, 45, 59). In this study, HCVpp
were used to investigate viral internalization and trafficking.
Note that HCVpp were comprised of a human immunodefi-
ciency virus type 1 core bearing E1E2 of the H77 (1a) isolate
(8, 19) and express the luciferase reporter gene (8, 19). Alter-
natively, envelope glycoproteins of other viruses were incorpo-
rated onto the retroviral core, providing essential controls and
relative points of comparison. Using dominant-negative mu-
tants and siRNAs of various cellular proteins, we showed that
HCVpp enter target cells via CCV and require delivery to early
but not to late endosomes. However, fusion was significantly
delayed compared to that of other viruses that enter early endo-
somes. Also, HCVpp entry could not be induced at the cell sur-
face or after internalization by extracellular low-pH exposure of
bafilomycin A1-treated cells. Together, these observations indi-
cate that HCV E1E2 envelope glycoproteins require additional
interactions or trafficking in order to achieve fusion and entry.

MATERIALS AND METHODS

Cell culture and pseudoparticle production. Human embryo kidney cells
(293T) and human hepatoma cells (Huh7) were grown at 37°C in 5% CO2 in
Dulbecco’s modified essential medium (DMEM) supplemented with 10% fetal
bovine serum, 1% penicillin-streptomycin, minimal essential medium nonessen-
tial amino acids, and sodium pyruvate.

293T cells (1.2 � 106) were lipofected as previously described by us (8) with a
1:2 ratio of NL luc� env mutant reporter vector and vectors expressing the
envelope glycoproteins of human T-cell leukemia virus type 1 (HTLV-1), VSV,
SFV, Ebola virus, or HCV (18). Supernatants were collected 24 h postlipofection
and filtered (0.45 �m). Huh7 target cells (2 � 104) were infected with different
pseudoparticles, and luciferase activity (in relative light units [RLU]/milliliter)
was measured in cell lysates 48 h postinfection using the Promega Luciferase kit
according to the manufacturer’s instructions.

RNA interference assay. Huh7 (104) cells were transfected with siRNA (5 mM;
Santa Cruz) directed against the clathrin heavy chain (HC; Sigma) or a nonspe-
cific control siRNA (5 mM; QIAGEN) using lipofectamine 2000 (Invitrogen).
For immunoblotting, transfected Huh7 cells were lysed (50 mM Tris-HCl, pH
7.4, 120 mM NaCl, 5 mM EDTA, 0.5% Nonidet P-40, 0.2 mM Na3VO4, 1 mM
dithiothreitol) in the presence of Complete protease inhibitors (Roche Applied
Sciences). Samples were adjusted for protein content (determined by the Brad-
ford method) and subjected to sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis followed by transfer onto nitrocellulose membranes (Bio-Rad).
Membranes were probed by standard protocols using mouse monoclonal anti-
body (TD.1) against clathrin HC (1:1,000; Santa Cruz Biotechnology). Staining
was revealed with an anti-mouse immunoglobulin G horseradish peroxidase
(HRP)-conjugated antibody (Amersham Biosciences) and developed using the
Western Lightning Chemiluminescence Reagent Plus (Perkin-Elmer). To con-
trol for the amount of protein loaded per well, membranes were stripped with
Re-Blot Western Blot (Chemicon International) and reprobed with anti-�-tu-
bulin HRP-conjugated antibody (H-235) (1:1,000; Santa Cruz Biotechnology). In
parallel, cells were infected 72 h posttransfection with HCVpp or HTLV-1
pseudoparticles (HTLV-1pp) at dilutions that would yield similar RLU, and
luciferase activity was measured in cell lysates 48 h postinfection.

Generation and expression of wild-type and dominant-negative cellular pro-
teins. Coding sequences of wild-type Rab5 and Rab5(S34N) as well as wild-type
Rab7 and Rab7(T22N) (provided by C. R. Roy, Yale University School of
Medicine) were PCR amplified and spliced to the 3� end of the enhanced green
fluorescent protein (EGFP) coding sequence. The EGFP-Rabs as well as EGFP-
Eps15(D3�2) and EGFP-Eps15(�95/295) (7) (provided by A. Dautry-Varsat,
Pasteur Institut, France) fusion constructs were subcloned into the pQCXIP
retroviral vector (Clontech). In order to generate pseudoparticles, lipofectamine
2000 (Invitrogen) was used to transfect 293T cells with 3 �g of pQCXIP expres-
sion vectors, 3 �g of murine leukemia virus Gag-Pol packaging vector, and 8 �g
of the VSV envelope glycoprotein expression vector. Supernatants were col-
lected 48 h posttransfection, filtered (0.45 �m), and used immediately to infect
Huh7 cells. Expression of wild-type and dominant-negative EGFP fusion pro-
teins was ascertained by flow cytometry analyses 48 h posttransduction. Trans-
duced cells were infected with different pseudoparticles at dilutions that would

yield similar RLU, and luciferase activity was measured in cell lysates 48 h
postinfection. For all experiments, only values within the linear range of the assay
(104 to 106 RLU) were taken into account.

Time course of entry inhibition. HCVpp were added to cells and spinoculated
for 1 h at 2,000 rpm at 4°C. Cells were washed twice with cold phosphate-buffered
saline (PBS) to remove unbound particles. Postadsorptive events required for
virus penetration were initiated by shifting the cells to 37°C. Medium at 37°C
containing bafilomycin A1 (25 nM) was added at different time points, from 0 to
4 h. The drug was removed 3 h later by a change of medium. Alternatively, Huh7
cells were washed in cold PBS and incubated with proteinase K (50 �g/ml) for 1 h
at 4°C under gentle agitation. Detached cells were pelleted, washed in cold PBS,
and replated in fresh medium at 37°C. Luciferase activity was measured in cell
lysates 48 h postinfection. Nonlinear regression was used to fit curves to the
experimental data: one-phase exponential association was fitted to SFV pseudo-
particle (SFVpp) and VSV pseudoparticle (VSVpp) entry, whereas sigmoidal
dose-response was fitted to HCVpp entry. This is because HCVpp entry under-
goes an initial, slow phase, associated with CD81 binding.

Fusion at the cell surface. Huh7 cells were pretreated for 30 min with bafilo-
mycin A1 (25 nM) or the solvent dimethyl sulfoxide (DMSO) (1:1,000). HCVpp
supplemented with drug or solvent were added to the cells and spinoculated for
1 h at 2,000 rpm at 4°C. Cells were washed twice with cold PBS to remove
unbound particles. Cells were washed with PBS (at 4°C for time � 0 and at 37°C
for subsequent time points), and DMEM (pH 7.2 or pH 5.3) at 37°C was added
for 5 min. Subsequently, cells were washed with PBS and incubated in culture
medium supplemented with bafilomycin A1 (25 nM) or DMSO (1:1,000) for an
additional 3 h, at which time point the medium was changed. Fresh medium was
added to cells, and luciferase activity was measured 48 h postinfection.

RESULTS

HCVpp enter target cells via clathrin-mediated endocytosis.
The most common internalization pathway exploited by viruses
is clathrin-mediated endocytosis. However, other pathways,
including caveolae, macropinocytosis, and noncaveolin/non-
clathrin endocytosis, can be used (48). We initially observed
that chlorpromazine (25 �M; �9 �g/ml), a drug that prevents
clathrin polymerization and blocks internalization by CCV
(14), effectively inhibited HCVpp entry into hepatoma cells
(Fig. 1). Entry mediated by SFV and VSV envelope glycopro-

FIG. 1. Inhibition of viral entry by drugs that target different inter-
nalization pathways. Huh7 cells were treated with chlorpromazine (25
�M), filipin (5 �g/ml), or nystatin (12.5 �g/ml) for 1 h at 37°C. The
mock treatments were water for chlorpromazine and nystatin as well as
methanol for filipin. Cells were infected with HCVpp, SFVpp, VSVpp,
or HTLV-1pp in the continued presence of drugs or corresponding
mock treatment. Media were changed after 2 h, and luciferase activity
in cellular extracts was measured 48 h postinfection. The percent entry
was calculated relative to mock-treated cells, and values are means of
at least three independent experiments 	 standard deviations.
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teins also was inhibited. HTLV-1 pseudoparticle (HTLV-1pp)
entry, however, was not affected, showing that chlorpromazine
specifically blocked entry of pH-dependent viruses and was not
cytotoxic at the concentration used. In contrast, nystatin (12.5
�g/ml) or filipin (5 �g/ml), which complex with plasma mem-
brane cholesterol, did not affect entry of HCVpp or control
pseudoviruses. Together, our observations suggested that
HCVpp entry occurs through CCV and does not depend on
cholesterol. Because of the pleiotropic effects of these drugs on
cell function, we established the role of clathrin-mediated en-
docytosis in HCV entry using more specific inhibitors of CCV
formation.

HCVpp-permissive hepatoma cells (Huh7) were transfected
with an siRNA designed to block expression of the clathrin heavy
chain (HC), an important component of the clathrin triskelion
(43). Seventy-two hours posttransfection, clathrin HC was un-
detectable by Western blotting compared to control siRNA-
transfected cells (Fig. 2A). At this time point, cells were
infected with pseudoparticles comprising the envelope glyco-
proteins of HCV or HTLV-1, the latter being a virus that fuses
at the plasma membrane. Note that here and throughout this
study different pseudoparticles were used at dilutions that
yielded similar luciferase signals in an attempt to measure
inhibition of comparable levels of entry. HCVpp entry into
clathrin-depleted cells was inhibited 65% compared to control
cells (P 
 0.001; Fig. 2B). In contrast, neither the anti-clathrin
HC nor the control siRNA affected HTLV-1pp entry to any
significant degree (P � 0.9737).

We also blocked clathrin-mediated endocytosis by overexpres-
sion of a transdominant mutant of Eps15, a regulatory protein
that is requisite for the formation of clathrin-coated pits. Huh7
hepatoma cells were transduced by a retroviral vector expressing
transdominant Eps15�95/295 or a mutant with no activity,
Eps15D3�2 (7). Alternatively, cells were transduced with the
backbone vector. The Eps15 proteins are fused to EGFP, and
their expression was determined by flow cytometry to be maximal
in �90% of cells at 48 h posttransduction (data not shown). At
this time point, cells were infected with retroviral pseudoparticles
bearing HCV, SFV, or HTLV-1 envelope glycoproteins. Expres-
sion of the transdominant mutant inhibited HCVpp entry by 60%
(P � 0.0034; Fig. 2C). A similar decrease was also observed for
SFV pseudoparticles (SFVpp) (P � 0.0312), which enter cells via
CCV (23). As expected, HTLV-1pp entry was not affected (P �
0.85). There was no effect of the inactive mutant Eps15D3�2 on
any of the viruses. Together, these observations demonstrate that
HCV internalization is mediated by clathrin-dependent endocy-
tosis.

HCVpp entry requires delivery to early but not to late en-
dosomes. Viruses that undergo low-pH-dependent entry pref-
erentially fuse either in early or in late endosomes (48). To
determine which of these compartments are necessary for
HCVpp entry, Huh7 hepatoma cells were transduced with
retroviral vectors expressing Rab5 or Rab7 wild type or dom-
inant-negative mutants, all of which are fused to EGFP. Alter-
natively, cells were transduced with the empty vector. Expres-
sion of the EGFP-Rab fusion proteins was determined by flow
cytometry to be maximal in �90% of cells at 48 h posttrans-
duction (data not shown). At this time point, cells were in-
fected with pseudoparticles bearing different envelope glyco-
proteins.

Expression of the Rab5 dominant-negative mutant Rab5(S34N),
which interferes with formation of early/sorting endosomes,
reduced HCVpp entry by 70% compared to entry into cells
transduced by vector alone (P 
 0.001; Fig. 3A). A similar
reduction in entry was observed for pseudoparticles comprising
SFV (P � 0.0073) envelope glycoproteins, which are known to
induce fusion in early endosomes (54). HTLV-1pp entry was
not significantly reduced by Rab5(S34N) expression. In con-

FIG. 2. Inhibition of pseudoparticle entry by agents that target
clathrin-mediated endocytosis. (A) Huh7 cells were lipofected with a
nonspecific siRNA (control) or an siRNA targeting the clathrin HC
(�-CHC). Seventy-two hours posttransfection, cellular extracts were
analyzed for clathrin HC and �-tubulin expression by Western blotting.
(B) Huh7 cells were infected with HCVpp or HTLV-1pp 72 h after
transfection with siRNAs. Luciferase activity in cell lysates was mea-
sured 48 h postinfection. The percent entry was calculated relative to
the nonspecific siRNA-transfected cells. Results are from at least three
independent experiments 	 standard deviations. (C) Huh7 cells were
transduced with pQCXIP backbone vector, pQCXIP-EGFP-
Eps15(D3�2), or pQCXIP-EGFP-Eps15(�95/295). Cells were in-
fected with HCVpp, SFVpp, or HTLV-1pp 48 h posttransduction.
Luciferase activity in cell lysates was measured 48 h postinfection. The
percent entry was calculated relative to the backbone vector-trans-
duced cells. Results are from at least three independent experiments 	
standard deviations.
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trast, expression of the Rab7(T22N) mutant, which blocks de-
livery of cargo to the late endosome, did not inhibit HCVpp
entry to any significant degree (Fig. 3B). As expected, SFVpp
and HTLV-1pp entry also were not affected, because these
viruses fuse in early endosomes and at the plasma membrane,
respectively. In fact, Rab7(T22N) expression only inhibited
entry of Ebola virus pseudoparticles, which fuse in late endo-
somes (P � 0.045; Fig. 3B) (13). Based on these observations,
we concluded that HCVpp entry requires delivery to early but
not to late endosomes.

Evidence for a significant delay between HCVpp internal-
ization and fusion. In order to ascertain that HCVpp enter
early endosomes, we compared the kinetics of internalization
and fusion mediated by HCV E1E2. SFV and VSV pseudopar-
ticles were chosen as controls because, like HCV, they require
CCV and delivery to early endosomes. Moreover, SFV and
VSV fusion in early endosomes is triggered by the drop in pH
(37). Pseudoparticles were adsorbed to Huh7 cells at 4°C, and
entry was initiated by shifting cells to 37°C. At different time
points thereafter, pseudoparticles remaining on the cell sur-

face were inactivated by proteinase K treatment. Internalized
particles, however, were resistant to proteolysis and could pro-
ceed with subsequent stages of entry. At 3 h, no further effect
of proteinase K treatment on entry was evident, indicating that
maximal (100%) internalization was achieved. The percentage

FIG. 4. Time course of proteinase K and bafilomycin A1 sensitivity of
viral entry. (A) HCVpp, (B) SFVpp, or (C) VSVpp were prebound to
Huh7 cells at 4°C for 1 h. Entry was initiated by shifting cells to 37°C. At
the indicated time points, cells were treated with proteinase K (50 �g/ml)
at 4°C for 1 h (dotted line). Cells were washed, resuspended in fresh
medium, and reseeded. Alternatively, bafilomycin A1 (25 nM) was added
at the indicated time points (solid line). After 3 h, the drug was removed
by a change of medium. Luciferase activity was measured in cellular
extracts 48 h postinfection. The percent entry was calculated relative to
the 3-h time point, and values are means of at least three independent
experiments 	 standard deviations.

FIG. 3. Inhibition of pseudoparticle entry by Rab5 and Rab7 trans-
dominant-negative mutants. (A) Huh7 cells were transduced with
pQCXIP backbone vector, pQCXIP-EGFP-Rab5(WT), or pQCXIP-
EGFP-Rab5(S34N). (B) Alternatively, Huh7 cells were transduced
with pQCXIP backbone vector, pQCXIP-EGFP-Rab7(WT), or
pQCXIP-EGFP-Rab7(T22N) and infected with viral pseudotypes.
Forty-eight hours posttransduction, cells were infected with HCVpp,
SFVpp, or HTLV-1pp. Luciferase activity in cell lysates was measured
48 h postinfection. The percent entry was calculated relative to the
backbone vector-transduced cells. Results are from at least three in-
dependent experiments 	 standard deviations. WT, wild type.
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of internalization at any given time point therefore was calcu-
lated relative to the measurement at 3 h. The fraction of
pseudoparticles having undergone fusion was quantified simi-
larly by measuring bafilomycin A1 sensitivity at different time
points after initiation of entry. The percentage of entry was
calculated relative to the signal at 3 h, when no further effect of
bafilomycin A1 was observed. Note that the two assays are
comparable, because conditions are identical up to addition of
inhibitors and are irrelevant thereafter.

We previously showed that half-maximal CD81 binding was
attained in 17 min (8), and the plateau at the beginning of the
HCVpp time course curves probably reflects this event (Fig.
4A). Half-maximal (50%) HCVpp internalization occurred 53
min after initiation of entry, as determined by proteinase K
sensitivity (Fig. 4A). Half-maximal HCVpp fusion required 73
min, as determined by bafilomycin A1 sensitivity. Hence, there
is a 20-min time lag between HCVpp internalization and fu-
sion. In contrast, half-maximal SFVpp internalization occurred
in 27 min, whereas 31 min were required for fusion (Fig. 4B).
Similar experiments were also performed with VSVpp; half-
maximal internalization and fusion occurred at 5 and 6 min,
respectively (Fig. 4C). In our assay, therefore, SFVpp and

VSVpp internalization and fusion were near-simultaneous
events. The delay between internalization and fusion mediated
by HCV envelope glycoproteins suggests the necessity for ad-
ditional events in early endosomes or for further trafficking to
other intracellular compartments. Note that the times required
for half-maximal internalization and fusion were calculated by
nonlinear regression analyses using GraphPad Prizm 4.0 soft-
ware. Differences were statistically significant, as determined
by an unpaired t test to calculate two-tailed P values.

HCVpp fusion cannot be rescued by low-pH treatment. We
next asked whether receptor binding and low pH (normally
encountered by the virus in early endosomes) were sufficient to
trigger HCVpp fusion and entry. For this, endosomal acidifi-
cation was inhibited by addition of bafilomycin A1, thereby
precluding pH-dependent envelope glycoprotein-mediated fu-
sion in endosomes (29). Pseudoparticles were allowed to attach
to Huh7 target cells at 4°C and then shifted to 37°C in order to
initiate early entry events. To induce fusion, extracellular treat-
ment with neutral or low-pH solutions was applied at different
time points posttemperature shift. The percentage of pseudo-
particle entry was calculated relative to cells that were DMSO
(solvent) treated only. Note that the background levels of entry

FIG. 5. Rescue of pseudoparticle entry by extracellular low-pH treatment. (A) HTLV-1pp, (B) SFVpp, (C) VSVpp, or (D) HCVpp were
prebound to Huh7 cells in the presence of bafilomycin A1 (25 nM) or DMSO (1:1,000) at 4°C for 1 h. Unbound particles were washed off, and
internalization was initiated by shifting cells to 37°C. At the indicated time points, cells were incubated for 5 min with DMEM (pH 7.2 or pH 5.3)
and then returned to fresh medium supplemented with bafilomycin A1. After 2 h, the drug was removed by a change of medium. Luciferase activity
was measured in cellular extracts 48 h postinfection. The percent entry was calculated relative to cells treated with DMSO, and values are means
of at least three independent experiments 	 standard deviations.
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at time zero or at neutral pH (for SFV and VSV) are due to
incomplete inhibition of entry by bafilomycin A1 treatment.

HTLV-1 envelope glycoprotein pseudoparticles entered
cells regardless of extracellular pH, since this virus normally
fuses at the plasma membrane (Fig. 5A). Importantly, this
control demonstrated that there was no significant loss of in-
fectivity of bound viral particles over the time course of our
assay, nor was there inactivation by exposure to low pH. After
treatment with acidic but not neutral pH, retroviral particles
pseudotyped with SFV envelope glycoproteins readily entered
cells at similar levels, regardless of the preincubation time (Fig.
5B). Note that bafilomycin A1 does not inhibit internalization
but blocks cargo trafficking beyond early endosomes (2, 6, 35,
46). Even after 90 min, therefore, when �80% of SFVpp are
internalized, entry could be rescued by extracellular low-pH
treatment (Fig. 5B). We observed similar results for VSVpp at
time points when nearly 90% of VSVpp are internalized (60
and 90 min; Fig. 5C). These observations show that low-pH
treatment can overcome the inhibitory effect of bafilomycin on
fusion after virus internalization. In contrast, no significant
entry of HCVpp was observed after low-pH treatment at 30
min postattachment (P � 0.6650) (Fig. 5D). The slight increase
in HCVpp entry observed after low-pH treatment at 60 and 90
min was only marginally higher than entry observed at the
same time points after neutral-pH treatment (P � 0.0174 and
P � 0.1138, respectively) (Fig. 5D). Exposure to low pH, even
at a time point when most HCVpp should have attained early
endosomes, therefore cannot overcome the inhibitory effect of
bafilomycin A1. Similar results were observed at pH 3, 4, and
6 (data not shown). This suggests that endosomal acidification
is required for events other than triggering E1E2-mediated
membrane fusion.

DISCUSSION

The fusogenic activity of viral envelope glycoproteins can be
triggered by interactions with cellular receptors, in which case
entry occurs at the plasma membrane (38, 44). Alternatively,
viruses first undergo internalization by receptor-mediated en-
docytosis, followed by fusion with intracellular membranes.
The most commonly used internalization pathway is clathrin
dependent, and envelope-mediated membrane fusion is trig-
gered by the low pH in endosomes (38, 48). Hence, VSV and
SFV fuse within early endosomes, whereas influenza virus
fuses in late endosomes. Certain viruses exhibit more complex
entry pathways. For example, simian virus 40 is internalized
through caveolae and enters in the endoplasmic reticulum
(49). Receptor interactions are needed to prime the envelope
glycoproteins for pH-dependent fusion of avian leukosis virus
(42). Ebola virus fusion not only requires receptor interactions
and low pH but the envelope glycoprotein also needs to be
processed by acid-dependent cathepsins in late endosomes
(13). Viruses therefore use an array of interactions, modifica-
tions, and internalization pathways to deliver their genomes
into target cells.

Here, we elucidated the postreceptor attachment stages of
HCV entry. HCV attachment to target cells is mediated by a
putative hepatocyte-specific receptor and the CD81 tetra-
spanin (5, 8, 19, 41). Other plasma membrane components may
be recruited by the virion-receptor complex, and additional

conformational or enzymatic modifications of E1E2 may prime
the envelope for downstream events (8, 19, 28). Krey et al.
have recently suggested a role for disulfide bonds in the entry
of another flaviviridae, bovine viral diarrhea virus (29). How-
ever, we were not able to inhibit HCVpp entry with the specific
protein disulfide isomerase inhibitor bacitracin and the non-
specific thiol blocker 2,4-dinitrothiocyanatebenzene (L.
Meertens, unpublished results). Disulfide bond isomerization
therefore does not appear to play a role in HCV entry. Cho-
lesterol depletion from the plasma membrane by filipin and
nystatin also did not affect HCVpp entry. Note that these
agents also disrupt caveolin-dependent internalization. How-
ever, Huh7 cells express very small amounts of caveolin-1 (21),
and it is unlikely that this pathway contributes significantly to
virus internalization in these cells.

Inhibitory drugs, anti-clathrin HC siRNAs, and transdomi-
nant mutants of Eps15 were used to unambiguously demon-
strate that HCVpp are predominantly internalized via clathrin-
mediated endocytosis, confirming recently published observations
(9, 16, 26, 31, 59). The partial inhibition of entry, also observed
for SFVpp and VSVpp, was due to working under conditions
wherein inhibitors did not cause cytotoxicity but also did not
block 100% of clathrin-mediated endocytosis. We also deter-
mined that half-maximal HCVpp internalization requires ap-
proximately 1 h. However, CD81 does not possess any intra-
cellular internalization motifs and undergoes extremely slow
endocytosis (30% in 12 h) (50). This suggests that HCVpp
internalization is mediated by other cell surface molecules,
such as the putative hepatocyte-specific receptor. Alterna-
tively, hepatocyte-specific proteins associated with CD81 via
the tetraspanin web may promote endocytosis of the virus-
CD81 complex. A final possibility is that CD81 oligomerization
through multiple interactions with the viral envelope may lead
to more rapid internalization via CCV. Recruitment of other
cell surface components or CD81 molecules into a viral entry
complex may account for the 30-min delay between CD81
binding and internalization.

Transdominant mutants of the GTPases Rab5 and Rab7
were used to show that HCVpp entry requires delivery of the
viruses to early but not to late endosomes, suggesting that early
endosomes are the site of fusion. However, differences be-
tween internalization and fusion kinetics suggested a more
complex mechanism of entry. Indeed, we observed a 20-min lag
between HCVpp internalization and fusion, whereas the two
events were closely associated during entry of SFVpp and
VSVpp, two viruses that fuse in early endosomes (37, 61).
Moreover, low-pH exposure after bafilomycin A1 treatment of
target cells could not induce HCVpp entry at the cell surface,
even after the virus had interacted with the receptor and
CD81. At a time point when approximately 80% of HCVpp are
internalized, there still was very little rescue of entry by low-pH
treatment. Extracellular low-pH exposure readily rescued
SFVpp and VSVpp entry. Tscherne et al. performed similar
experiments using replicating virus (HCVcc) but interpreted
the modest level of entry (approximately 15%) after low-pH
treatment to indicate rescue of fusion (59). It is difficult to
assess the significance of their observations, because no other
viruses were used as positive controls.

We interpreted these observations to mean that receptor
binding and low pH are not sufficient to induce HCV E1E2-
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mediated membrane fusion. We cannot completely exclude the
possibility that conformational changes and protein dissocia-
tion kinetics leading up to fusion are exceptionally slow for
HCV E1E2 and require the continuous presence of low pH.
However, we favor the interpretation that HCV entry neces-
sitates additional postinternalization events which are irrevers-
ibly inhibited by bafilomycin A1 treatment and cannot be re-
activated by low-pH exposure. These events could be
interactions with specific protein factors or enzymatic modifi-
cations within early endosomes (or other intracellular com-
partments). One possibility we considered was that HCV entry
requires the action of a pH-dependent protease. However,
treatment of Huh7 cells with a wide array of protease inhibi-
tors did not significantly or specifically affect HCVpp entry (L.
Meertens, unpublished). Tscherne et al. also did not observe
any effect on HCVcc entry of cathepsin B and L inhibitors (59).
An alternative possibility is that trafficking to other intracellu-
lar compartments may be necessary because the physicochem-
ical properties of their membranes are amenable to HCV
E1E2-induced fusion. A requirement for additional interac-
tions with intracellular factors or trafficking of HCV particles
constitutes a novel and unique mechanism of viral entry. De-
tailed understanding of these postreceptor binding events may
reveal new targets for antivirals. Like all entry inhibitors, these
would have the advantage of preventing viral replication within
host cells.
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